The early efforts to form nanoparticles beams were characterized by unsuccessful nanoparticle formation, synthesis for only a few ''high vapor pressure'' solids, or prohibitively low deposition rates. A new type of deposition system described here overcomes these impediments and is demonstrated to produce at high rates nanostructured films of diverse materials. It employs ion sputtering of target materials and gas phase condensation into an inert gas atmosphere at pressures р1 Torr. The condensed nanoparticles are then swept out of a 3 mm diameter converging-diverging exit nozzle, forming a low velocity beam. The beam is directed on a substrate on which a film is deposited. Nanostructured films were successfully grown using Al, Cr, Fe, Ni, Cu 1Ϫx Co x , Cu, Zr, Mo, Ag, Ta, W, Pt, and Au targets at rates in the interval of 0.15-0.91 nm s Ϫ1 with metal-atom deposition fluxes in the interval 1.45-11.9ϫ10 14 cm Ϫ2 s Ϫ1 . Rutherford backscattering spectrometry revealed that metal-atom densities of the films ranged from 11% to 24% from the corresponding bulk metals and that films contained a significant fraction of oxygen and carbon, indicating high reactivity with atmosphere gases. Transmission electron microscopy showed successful formation of nanostructured layers from all materials studied with average sizes ͑standard deviations͒ ranging from 0.7 ͑0.4͒ to 15.6 ͑8.2͒ nm.
I. INTRODUCTION
Interest in nanophase materials has been growing because there are a few emerging examples in which unexpected, ''new'' materials properties have been found. [1] [2] [3] Work at IBM on magnetic nanocrystalline superlattices using cobalt nanoparticles between 2 and 11 nm is showing promise in leading to higher density magnetic recording materials. 4 In another case, both simulation and experiment with assemblages of nanoparticles suggest optical properties may be controlled as a function of particle size. 5 Coating nanoparticles with various dielectrics has been shown to produce composite nanostructures resulting in novel optical materials. 6, 7 Optical properties of these nanocomposites depend on particle size and constituent materials and exhibit characteristics which may be useful, for instance for optical switching, by taking advantage of the ultrafast nonlinear optical response.
Pioneering work in the production and understanding of free jet nanocluster beams of room-temperature gases ͑in-cluding Ar and He͒, formed by expansion through cooled nozzles into a vacuum environment was carried out by Becker in the 1950s. 8 From the early 1970s, others sought to develop a novel thin-film process by similarly forming clusters of room-temperature solids by high-temperature vaporization and expansion into a high-vacuum region through a nozzle. 9 Several new techniques have been successful in nanoparticle synthesis in a vacuum using sputtering, pulsed laser, and pulsed arc sources. [10] [11] [12] In each, a target material is decomposed into high-density vapor which is condensed into nanoparticles with the assistance of heat removal using flowing inert gas. The method employed here is similar to that of Haberland 13 and Averback. 14 It uses sputtering into cooled, flowing gas in a chamber, which contains an exit aperture leading to a differentially pumped deposition chamber. 15 The objectives of the work presented here are to deposit nanophase films from a series of different source metals to make a broad investigation of whether nanoparticles could be formed, and if so, what conditions are required for producing beams for each element. The structure and composition of the films were to be evaluated using a number of analytical methods. Figure 1 shows a schematic diagram outlining the main features of the differentially pumped deposition system which is fully described elsewhere. 15 There are three vacuum chambers which communicate by low conductance connections and are maintained at three successively lower pressures by differential pumping. From the right-to the lefthand side in Fig. 1 , the pressures are approximately 1 Torr, 1ϫ10
II. EXPERIMENT
Ϫ3 Torr, and 1ϫ10 Ϫ5 Torr. The right-hand sidemost is the source chamber into which an adjustable mixture of ultrahigh purity Ar and He may be admitted under computer control. A 75 mm diameter magnetron sputtering gun is mounted in this chamber to provide a source of sputtered species. The walls of the source chamber are liquid nitrogen cooled with the temperature monitored and controlled using two thermocouples and a computer data acquisition system. The nanoparticle beams reported here were obtained using Table I along with typical process parameters that resulted in nanoparticle condensation.
A low velocity beam of the gas and nanoparticles is formed as they escape through the converging-diverging exit nozzle, which is 3 mm in diameter at the throat. The middle region is cryopumped and normally operates at 5 ϫ10 Ϫ4 Torr. Large heavy species ͑nanoparticles͒ will, in principle, go straight through this region while most of the lighter inert and background gasses scatter to random directions and are pumped out. Thus, the middle chamber is where most of the separation of process gas and nanoparticles takes place.
The beam of nanoparticles and a small amount of gas enter the diffusion-pumped deposition chamber through an aligned aperture, 1 cm in diameter. This region is maintained in the upper 10 Ϫ5 Torr range. The beam impinges on the substrate upon which a thin film grows. The beam may be manipulated by an ionizer as well as by deflection and acceleration electrode structures that are mounted within the deposition chamber. These apparatus are more fully described elsewhere. 16 Films were deposited onto 75 mm diameter Si͑001͒ wafers which are shadowed by 1 mm wide mechanical masks to produce steps for thickness measurements. Several 3 mm Cu mesh grids were typically placed on the substrate for subsequent transmission electron microscopy ͑TEM͒ investigations. The film thickness d was measured using a Dektak 3ST profilmeter. The film compositions and areal metal atomic density N s ͑in atoms/cm 2 ͒ was determined from Rutherford backscattering spectra ͑RBS͒ which were analyzed using RUMP simulation. 17 The RBS analysis was performed using a 2 MeV He beam with 150°scattering angle. The film metalatomic density N was then calculated 17 from the ratio N s /d and the deposition flux by the product of N and the deposition rate R. Electron-transparent portions of the film protruding from the Cu TEM grids were characterized by TEM with no sample preparation. Bright-field images, dark-field images, and selected area electron diffraction ͑SAED͒ patterns were obtained using a LaB 6 -filament Philips CM12 microscope operated at 120 keV, while a Hitachi 9000 microscope operated at 300 keV was used for lattice resolution imaging. 
III. RESULTS AND DISCUSSION
The deposition rate distribution over the substrate, situated at a distance of 85 cm from the aperture in the deposition chamber, has a near-Gaussian shape with a full width at half-maximum typically 2 cm. These values indicate that the divergence of the nanoparticle beam is on the order of 1°. This low beam divergence together with the observation of a rather open nanophase structure of the deposits clearly show that the nanoparticles were formed in the source region and transported to the growing surface rather than arising from a nucleation and growth process at the substrate.
The main objective for each material was to discover conditions for which films could be successfully deposited. The main variables were cooling of the wall of the synthesis chamber with liquid nitrogen, as measured by flange temperature, and the presence of He and its flow rate through the synthesis chamber. The early experience with Cu led to the general observation that condensation was increased by lower cooling temperatures and increased He flow ͑quite reasonably͒. Some materials condensed easily including CuCo, Ta, and Au which required no cooling and no He. The other listed elements generally required both He and cooling with the exception of Ag, which needed no He. The conditions listed in Table I were arrived at be experiments conducted to determine under what conditions films would form on the substrate. Initial process variables choices did not always result in obtaining films. A detailed study of the effects of process variables on nanoparticle size and other film parameters has not been carried out at this time but remains as future work. 18, 19 For film deposition from a nanoparticle beam, these values represent high rates. These rates are readily obtained running the sputtering target at only 10% of its rated power.
The film metal-atomic densities d film , determined by RBS, are compared with the bulk densities d bulk of the corresponding metal in Table II All samples contain varying amounts of oxygen and carbon, whose contents result from exposure to air after deposition. Such high oxygen contents indicate that highly reactive nanoparticle surfaces have been formed in the deposition process. In saturation, the amount of nonmetal atoms should depend on the total surface area of the nanophase material and the thickness of the surface oxide layer formed. Ag, Au, and Pt, all noble metals, stand out with the smallest amount of oxygen and carbon incorporated in the films with metal to nonmetal atom ratios on the order of 10. At the other extreme TABLE II. Results for measurements of the film growth rate R in the area of the maximum film thickness and of the film metal-atom density from samples obtained from the target elements under investigation are presented. Figs. 2 and 3 for Al, Ni, Ta, and Au. Figure 2 shows in the left-hand side panels, representing bright-field TEM images with SAED inset on the bright-field image, and, in the right-hand side panels, dark-field images obtained with objective aperture enclosing a portion of the brightest ring in the SAED.
For most of the materials investigated, the SAED patterns are characterized with ring patterns that can be indexed to the corresponding metal lattices. The rings are broad, which is an indication of a small crystallite size, estimated by darkfield imaging ͑to be presented next͒ in the nanometer range. The electron diffraction patterns for Fe, Ta, and W are halolike and are indicative of amorphous structures as shown in Fig. 3 for Ta.
The bright-field images, in which the contrast is dominated by absorption, reveal a very open granular structure. The average size of the nanoparticles ranged from 8 nm for Pt and 9.3 nm for Mo to 34 nm for Ag and 67 nm for Fe. The dark-field images show as bright domains representing coherently diffracting crystalline area which are aligned appropriately to produce a Bragg reflection in the particular portion of the diffraction ring selected by the dark-field aperture. The coherently diffracting areas in the dark-field images are nanocrystalline for all materials studied. The size distributions of the coherently diffracting nanocrystallites were measured using NIH image software from the dark-field images. 20 The results presented in the last column of Table II show variation from nm for Fe, and 0.8 nm for Ta to 8.1 nm for Au and 15.6 0.7 nm for Al. The nanocrystallites are thus several times smaller than the nanoparticles which are evident in the bright-field images, indicating that the latter are aggregates of several smaller nanocrystallites and/or contains additional noncrystalline phases.
Lattice-resolution imaging was used to further study the structure of the nanoparticles. Typical observations for most materials are exemplified for the case of Ni, in Fig. 4 , which shows that aggregated nanoparticles consist of several smaller individual nanocrystals. In many instances, the nanocrystals are faceted. The noble metals, too, formed nanoparticles with pronounced crystalline facets, as illustrated for Au in Fig. 4 . The agglomeration of several nanocrystals into nanoparticles most likely occurs in the gas phase, as argued by Olynick et al. 14 In the initial phases of condensation, close to the target the predominant process in condensation of atoms into clusters. Once the clusters leave the vicinity of the target, the concentration of the atoms is depleted and the collision coalescence between the clusters becomes dominant, giving rise to the composite clusters or aggregated nanocrystallites.
For Al, the size of the coherently diffracting crystals is approximately the same as the nanoparticles seen in the bright-field image. Figure 4 presents a high-resolution image of this sample and reveals faceted metal nanocrystallites that appear single crystalline which are covered with a thin amorphous layer. The smaller Al nanoparticles appear amorphized just as in the case of Ta in the high-resolution image in Fig.  4 . The amorphous structure is most likely due to reaction with oxygen and carbon, both of which were detected in the RBS spectra. These relatively large nanocrystals, observed for Al, are an indication that the growing aggregate of nanoparticles may recrystallize upon coalescence in the gas phase for this low-melting point material.
The nanostructure studies point out ways to further control the composite nanostructure of the films produced by this technique by manipulating the deposition conditions to enhance or diminish the coalescence of nanoparticles into aggregates.
IV. CONCLUSIONS
Nanophase thin films have been deposited successfully in a vacuum from a series of different source metals, Al, Cr, Fe, Ni, Cu 1Ϫx Co x , Cu, Zr, Mo, Ag, Ta, W, Pt, and Au. The divergence of the depositing beam is on the order of 1°. This low beam divergence together with the observation of a rather open nanophase structure of the deposits clearly show that the nanoparticles were formed in the source region and transported to the growing surface rather than arising from a nucleation and growth process at the substrate. The main synthesis variables were cooling and the presence of He. Some materials condensed easily including CuCo, Ta, and Au which required no cooling and no He. The other listed elements generally required both He and cooling with the exception of Ag, which needed no He. The metal-atomic densities N range in the interval from 0.67ϫ10 22 atoms/cm 3 and 0.69ϫ10 22 atoms/cm 3 . The films growth rates ͑from 0.15 nm s Ϫ1 to 0.91 nm s Ϫ1 ͒ and the deposition metal fluxes obtained to date in this technique are comparable to those achieved by established film growth techniques, such as conventional ͑nonmagnetron͒ sputter deposition or molecularbeam epitaxy. 18, 19 These rates are readily obtained running the sputtering target at only 10% of its rated power.
All samples contain varying amounts of oxygen and carbon. The average size of th apparent nanoparticles ranged from 8 nm for Pt and 9.3 nm for Mo to 34 nm for Ag and 67 nm for Fe. In some cases, there was a substructure of nanocrystallites within each nanoparticle, which is suspected to be due to agglomeration during the deposition process. Other films indicated recrystallization had likely taken place. In summary, it has been shown that it is possible to synthesize a wide range of nanoparticles including compositional and structural variations at practical deposition rates.
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